The fast spin dynamics provide many opportunities for the future communication and memory technologies 1-5 . One of the most promising examples is the domain wall (DW) racetrack memory 1,6-9 . To achieve fast device performances, the high-speed motion of DWs 10-13 is naturally demanded that leaves antiferromagnets (AFMs) and compensated ferrimagnets (FIMs) as the promising materials. While controlling and probing the dynamics of DWs in AFMs remains challenging, the fast motion of DWs with velocities around 1500 m/s has been demonstrated in metallic FIMs. The velocity of DWs in metallic FIMs is, however, suppressed by the magnetic damping of conduction electrons, which motivates us to explore how fast DWs can move in insulating FIMs where the conduction electron is absent. In this work, through synthesizing compensated FIM insulator Gd3Fe5O12 thin films with a perpendicular magnetic anisotropy, we demonstrate that the spin-orbit torque (SOT) induced motion of DWs along the Gd3Fe5O12/Pt racetrack can approach 6000 m/s. Our results show that the exceptionally fast motion of DWs can be achieved in compensated FIM insulators owing to small damping inherent to magnetic insulators, which could potentially facilitate the emerging ultrahigh-speed spintronic logics and racetrack memories by introducing insulating compensated FIMs as a new material platform.
The achievement of high-speed motion of DWs in AFMs is key to realizing the future ultrafast spintronic memory and logic devices 1-3,6-20 , which, however, has been elusive so far. This can be attributed to the experimental difficulties in controlling and probing the dynamics of DWs in AFMs due to the lack of net magnetization and their resultant weak electrical/optical responses 10, 12, [15] [16] [17] [18] [19] [20] . By contrast, compensated metallic FIMs has emerged as an alternative platform for demonstrating the fast motion of DWs [11] [12] [13] . In this work, we will explore the possibility of achieving even faster motion of DWs in fully compensated FIM insulators, Gd3Fe5O12 (GdIG), which is made possible by prohibiting the extra spin damping from conduction electrons. In GdIG thin films, the magnetic moments of the Gd 3+ ions are antiferromagnetically coupled with the magnetic moments of Fe 3+ ions 1, 21 . GdIG has two special temperatures due to the fact that the two magnetic elements have different Landé factors [11] [12] [13] 22, 23 , "# ~ 2.2 and () ~ 2: the magnetization compensation temperature + , where the net magnetization vanishes "# = () and the angular momentum compensation temperature . where the net spin density vanishes "# = () . The zero-magnetization at + and the zero-spin density at . can give rise to the AFM-like dynamics in GdIG, in comparison with other frequently studied FIM garnets such as Y3Fe5O12 and Tm3Fe5O12 1, 24-27 , where complete magnetization compensation is absent. Meanwhile, due to the relatively low Fermi level of Gd and weak coupling between electron spins and magnetic moments in the inner 4f shells of Gd, electrical and optical measurements are more sensitive to the magnetization of Fe in GdIG. Thus, using standard laboratory based electrical transport and magneto-optic Kerr effect (MOKE) imaging techniques, the dynamics of fully compensated DWs in FIM GdIG can be readily investigated, which in turn, provide rich insights for designing the future ultrafast DW-based spintronic devices [11] [12] [13] .
The statics and dynamics of a compensated Néel-type FIM DW in GdIG/Pt bilayers can be obtained numerically and analytically from solving two coupled Landau-Lifshitz-Gilbert (LLG) equations including the SOT contributions 7, 11, 28, 29 , as discussed in the Supplemental Materials.
Considering an effective model (see Supplemental Materials for the link between the two LLG equations and the model parameters), the resultant steady-state velocity is given by: (1) where = ±1 represents the type of the Néel DW (the magnetization direction changes from ̂ to −̂ as increases), is the Dzyaloshinskii-Moriya interaction (DMI) coefficient, # is the charge current flowing along the N direction, 9 = "# − () is the net spin density, = "# + () is the saturated spin density, = ( "# "# + () () )/ > 0 is the damping constant, is the electron charge, ℏ is the reduced Planck constant, ∆ is the DW width, B
is the thickness of the FIM layer, and 9F is the spin Hall angle of Pt. When temperature is far away from . and the current density # is sufficiently large (namely, 9 # ≫ 2 ℏ∆ 9F ⁄ ), the DW velocity saturates as ≅ | | sgn( # )/2| 9 |. This is identical to the case of FM where the saturation of DW motion is given by ≅ | |sgn( # ) 2 9 ⁄ with being the gyromagnetic ratio and 9 the saturation magnetization. Thus, the DW velocity in FIMs is generally faster as a result of their reduced net spin density 9 . In particular, Eq.(1)
indicates that the DW velocity attains its maximum when 9 = 0, i.e., at . :
Clearly, the DW velocity at . increases without saturation as the current density # increases (provided that the current-induced change of DW width ∆, which ultimately limits the DW velocity below the maximum spin-wave group velocity 28, 30 , is small enough to be neglected), which is in stark contrast with the frequently studied FM systems.
Following the above theoretical discussions, various compensated FIM GdIG films with thicknesses ranging from B = 7 nm to B = 30 nm have been epitaxially grown onto (111)oriented Gd3Sc2Ga3O12 (GSGG) substrates. Epitaxial growth and atomically sharp interface are confirmed by cross-sectional scanning transmission electron microscopy (STEM), as shown in Similar with other interfacially symmetric multilayers 4, 5, 38 , the spin chirality is governed by the DMI at the GSGG/GdIG and the GdIG/Pt interfaces 24, 26 . Based on the SOT magnetometry 24, 39, 40 Following the increase of current densities, we have observed the motion of DWs with a velocity = 2950 ± 30 m/s at a current density # = 1.08 × 10 k A/cm ; (duration 34 ns) and at f = +8 mT, as shown in Fig. 2D . DW velocity as a function of pulse amplitudes and durations are summarized in Fig. 2E . For # < 1 × 10 k A/cm ; , the velocity of DWs (< 50 / ) increases linearly with # and does not depend on the pulse duration. Upon approaching 1 × 10 k A/cm ; , the velocity is significantly increased. Shown in Fig. 2F is the evolution of velocity as a function of pulse duration at # = 1.08 × 10 k A/cm ; , which shows a similar nonlinear increase of velocity following the increase of durations. Fig. 2G The spin structures inside DWs can be tuned to be either Néel or Bloch types when the applied in-plane fields (^, _ ) are larger than the DMI effective field OE 8, 9, 39 . Therefore, we subsequently studied the dynamics of Néel and Bloch DWs at room temperature, as shown in The velocity of DWs should be substantially enhanced in the vicinity of angular momentum compensation temperature . , as theoretically predicted above. To fully track the motion of compensated DWs in the field of view of microscope, we adopted a relatively smaller current density ( # = 1 × 10 k A/cm ; ) at different temperatures. Following the decrease of temperatures, an enhanced DW velocity up to = 3500 ± 300 m/s is evident at = 230 K (pulse duration 35 ns). This observation thus validates the theoretical prediction given by Eq.
(2). Note that external magnetic fields f were normalized by the corresponding coercive fields g for each measured temperature. The magnetization compensation temperature + is shown in Fig. 4B , in which a vanishing ` is identified at + = 220 K. Note that the maximum DW velocity occurs at = 230 K, instead of + = 220 K, which thus enables the angular momentum compensation temperature to be identified as . = 230 K. Furthermore, the evolution of DW velocity driven by varying duration of pulse currents across . is also studied. Similar features as those shown in Fig. 4A are provided 
Methods
Thin-film FIM of nominal composition Gd3Fe5O12 were grown by using an AJA ultrahigh vacuum magnetron sputtering system onto (111)-oriented scandium substituted gadolinium gallium garnet (Gd3Sc2Ga3O12, GSGG) substrates at 750 ℃ in an oxygen-rich environment and naturally cooled down to room temperature. GSGG substrates were firstly treated in O2 environment at 1000 ℃ for 6 hours before loading into the chamber for deposition. This step is necessary for achieving atomically sharp surfaces and for ensuring subsequent high-quality epitaxial growth of Gd3Fe5O12 films. For studying SMR and current-induced SOTs, a 4-nm thick Pt layer was deposited at a rate of 0.2 Å/s at room temperature without breaking the ultrahigh vacuum of the main chamber, which is necessary to demonstrate the spin-orbit detection/manipulation. The (111)-oriented GSGG substrates and Gd3Fe5O12 sputtering targets were purchased from Kejing, LTD. The crystalline structure of films is studied by using X-ray diffraction (XRD). The clearly resolved GSGG (444) and GdIG (444) peaks together with Laue oscillation demonstrate the high crystal quality and fully strained GdIG films.
Atomic-scale STEM images were acquired by using a FEI Titan Cubed Themis G2 300 electron microscope with capability of achieving a spatial resolution better than 0.6 Å. This instrument is also equipped with an Energy Dispersive X-ray Spectroscopy (EDXS), which enables element mapping. Z contrast imaging was conducted in high-angle annual dark field (HAADF) mode. The cross-sectional TEM specimen along the desired zone axes was prepared by Zeiss Auriga focused ion beam system. In order to protect GdIG film from being damaged by Ga + ion beam during ion milling, we have deposited 10 nm Au layer and 1µm polycrystalline Pt layer on the surface of GdIG film. Finally, the cross-sectional TEM specimen was milled by Ar + ion beam (PIPSⅡ, Gatan) to eliminate the damaged surface layer induced from previous Ga + ion milling, with an acceleration voltage of 2 kV, 1mA for a few minutes.
Magnetometry measurements at different temperatures were done by using a Quantum Design 
